Synthesis of Ultrathin Two-Dimensional Nanomaterials and Their Applications in Electrochemical Energy Conversion by 代磊
学校编码：10384                                     分类号      密级        
学号：20520140153964                                 UDC        
 
 
博  士  学  位  论  文 
超薄二维纳米材料的合成制备及其在电化
学能源转换反应中的应用 
Synthesis of Ultrathin Two-Dimensional Nanomaterials 
and Their Applications in Electrochemical Energy 
Conversion 
代磊 
指导教师姓名： 郑南峰 教授 
专 业 名 称： 纳米材料化学 
论文提交日期： 2017 年 07 月 
论文答辩日期： 2017 年  月 
学位授予日期： 2017 年       月 
 
  
答辩委员会主席：           
评    阅    人：           
 














Synthesis of Ultrathin Two-Dimensional Nanomaterials 
and Their Applications in Electrochemical Energy 
Conversion 
 
A Dissertation Submitted to the Graduate School in Partial 

































另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的






声明人  （签名）： 
指导教师（签名）： 
 























（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 






                             声明人（签名）： 

















摘要 ............................................................................................................................... I 
Abstract ...................................................................................................................... IV 
第一章 绪论 ................................................................................................................. 1 
1. 1 前言 ................................................................................................................................... 1 
1. 2 二维材料的制备方法 ....................................................................................................... 2 
1. 2. 1 机械剥离法 ............................................................................................................ 3 
1. 2. 2 溶剂剥离法 ............................................................................................................ 4 
1. 2. 3 化学、电化学离子插层和剥离法 ....................................................................... 6 
1. 2. 4 化学气相沉积(CVD)法 ......................................................................................... 8 
1. 2. 5 湿化学合成法 ....................................................................................................... 8 
1. 3 二维纳米材料在电化学中的应用 .................................................................................... 9 
1. 3. 1 二维纳米材料在有机小分子电氧化中的应用 .................................................. 10 
1. 3. 2 二维纳米材料在电化学析氢反应中的应用 ...................................................... 12 
1. 3. 3 二维纳米材料在电化学析氧反应中的应用 ...................................................... 17 
1. 3. 4 二维纳米材料在电化学 O2还原反应中的应用 ................................................ 20 
1. 3. 5 二维纳米材料在电化学 CO2 还原反应中的应用 ............................................. 23 
1. 3. 6 二维纳米材料在电化学储能中的应用 .............................................................. 25 
1. 4 本文选题依据和研究内容 .............................................................................................. 30 
1. 5 参考文献 ......................................................................................................................... 32 
第二章 CO 辅助合成超薄 PtCu 合金纳米片 ......................................................... 50 
2.1 前言 .................................................................................................................................. 50 
2. 2 实验部分 ......................................................................................................................... 51 
2. 2. 1 试剂 ..................................................................................................................... 51 
2. 2. 2 材料合成 ............................................................................................................. 51 
2. 2. 3 仪器表征 ............................................................................................................. 52 
2. 2. 4 电化学测试 .......................................................................................................... 52 
2. 2. 5 Pt-Cu 合金纳米片催化硝基苯加氢反应 ............................................................ 52 
2. 3 结果与讨论 ...................................................................................................................... 54 
2. 3. 1 超薄 PtCu 纳米片的表征 ................................................................................... 54 
2. 3. 2 超薄 PtCu 纳米片的形成机理 ........................................................................... 58 
2. 3. 3 超薄 PtCu 纳米片电化学性质 ........................................................................... 62 
2. 3. 4 超薄 PtCu 纳米片的硝基苯加氢活性 ............................................................... 65 
2. 4 本章小结 ......................................................................................................................... 66 
2. 5 参考文献 ......................................................................................................................... 67 
















3. 1 前言 ................................................................................................................................. 72 
3. 2 实验部分 ......................................................................................................................... 73 
3. 2. 1 试剂 ..................................................................................................................... 73 
3. 2. 2 材料合成 ............................................................................................................. 73 
3. 2. 3 仪器表征 ............................................................................................................. 74 
3. 2. 4 电化学测试： ...................................................................................................... 74 
3. 3 结果与讨论 ..................................................................................................................... 76 
3. 3. 1 超薄 Co3O4纳米片的合成和结构表征 .............................................................. 76 
3. 3. 2 Co3O4纳米片的形成机理 ................................................................................... 78 
3. 4 Co3O4 纳米片的电催化性能 ........................................................................................... 86 
3. 4. 1 Co3O4纳米片在 OER 反应中的电催化性能 ..................................................... 86 
3. 4. 2 Co3O4纳米片在乙醇氧化中的电催化性能 ....................................................... 89 
3. 4. 3 乙醇电化学重整乙酸乙酯和 H2 ......................................................................... 97 
3. 5 本章小结 ....................................................................................................................... 100 
3. 6 参考文献 ....................................................................................................................... 101 
第四章 超稳定 Cu/Ni(OH)2纳米片 ....................................................................... 105 
4. 1 前言 ............................................................................................................................... 105 
4. 2 实验部分 ....................................................................................................................... 106 
4. 2. 1 试剂 ................................................................................................................... 106 
4. 2. 2 材料合成 ........................................................................................................... 106 
4. 2. 3 仪器表征 ........................................................................................................... 107 
4. 2. 4 电化学测试 ....................................................................................................... 108 
4. 3 结果与讨论 ................................................................................................................... 109 
4. 3. 1 Cu/Ni(OH)2 纳米片的表征 ................................................................................ 109 
4. 3. 2 Cu/Ni(OH)2 纳米片的形成机理 ........................................................................ 118 
4. 3. 3 Cu/Ni(OH)2 纳米片的稳定性 ............................................................................ 125 
4. 3. 4 Cu/Ni(OH)2 纳米片的电化学测试 .................................................................... 133 
4. 4 本章小结 ....................................................................................................................... 140 
4. 5 参考文献 ....................................................................................................................... 141 
第五章 双功能 Cu2O/Ni(OH)2纳米片 ................................................................... 145 
5. 1 前言 ............................................................................................................................... 145 
5. 2 实验部分 ....................................................................................................................... 146 
5. 2. 1 试剂 ................................................................................................................... 146 
5. 2. 2 材料合成 ........................................................................................................... 146 
5. 2. 3 仪器表征 ........................................................................................................... 146 
5. 2. 4 电化学测试 ........................................................................................................ 147 
5. 3 结果与讨论 .................................................................................................................... 149 
5. 3. 1 Cu2O/Ni(OH)2 纳米片的结构表征 ................................................................... 149 
5. 3. 2 Cu2O/Ni(OH)2 纳米片的形成机理 ................................................................... 153 
















5. 3. 4 Cu2O/Ni(OH)2 纳米片的 OER 性能 ................................................................. 159 
5. 3. 5 CO2-H2O 电化学重整 ....................................................................................... 160 
5. 4 本章小结 ....................................................................................................................... 162 
5. 5 参考文献 ....................................................................................................................... 163 
第六章 少量 Pt 沉积的 Pt/Ni(OH)2 纳米片 ........................................................... 165 
6. 1 前言 ............................................................................................................................... 165 
6. 2 实验部分 ....................................................................................................................... 165 
6. 2. 1 试剂 ................................................................................................................... 165 
6. 2. 2 材料合成 ........................................................................................................... 166 
6. 2. 3 仪器表征 ........................................................................................................... 166 
6. 2. 4 电化学测试 ........................................................................................................ 166 
6. 3 结果与讨论 .................................................................................................................... 167 
6. 3. 1 Pt/Ni(OH)2纳米片的 TEM 表征 ....................................................................... 167 
6. 3. 2 Pt/Ni(OH)2纳米片的 HER 性能 ....................................................................... 168 
6. 3. 3 Pt/Ni(OH)2纳米片的 UreaOR 性能 .................................................................. 169 
6. 4 本章小结 ........................................................................................................................ 171 
6. 5 参考文献 ....................................................................................................................... 171 
第七章 CO 辅助合成超细 PtCu 合金纳米线 ....................................................... 174 
7. 1 前言 ............................................................................................................................... 174 
7. 2 实验部分 ....................................................................................................................... 175 
7. 2. 1 试剂 ................................................................................................................... 175 
7. 2. 2 材料合成 ........................................................................................................... 175 
7. 2. 3 仪器表征 ........................................................................................................... 175 
7. 2. 4 电化学测试 ....................................................................................................... 175 
7. 3 结果与讨论 .................................................................................................................... 177 
7. 3. 1 超细 PtCu 纳米线的表征 ................................................................................. 177 
7. 3. 2 超细 PtCu 纳米线的形成机理 ......................................................................... 181 
7. 3. 3 超细 PtCu 纳米线的电化学面积测试 ............................................................. 184 
7. 3. 4 超细 PtCu 纳米线的 MOR 性质测试 ............................................................. 185 
7. 3. 5 超细 PtCu 纳米线的葡萄糖传感性质测试 ..................................................... 190 
7. 4 本章小结 ....................................................................................................................... 193 
7. 5 参考文献 ....................................................................................................................... 194 
第八章 CO 辅助合成组装 Pd 纳米线 .................................................................... 199 
8. 1 前言 ............................................................................................................................... 199 
8. 2 实验部分 ....................................................................................................................... 199 
8. 2. 1 试剂 ................................................................................................................... 199 
8. 2. 2 材料合成 ........................................................................................................... 200 
















8. 3 结果与讨论 .................................................................................................................... 200 
8. 3. 1 组装 Pd 纳米线的 TEM 表征 .......................................................................... 200 
8. 3. 2 卤素对组装 Pd 纳米线的影响 ......................................................................... 201 
8. 3. 3 组装行为的作用位点 ....................................................................................... 202 
8. 4 本章小结 ....................................................................................................................... 204 
8. 5 参考文献 ....................................................................................................................... 204 
总结与展望 ............................................................................................................... 206 
附录：博士期间研究成果 ....................................................................................... 209 

















Table of Contents 
Abstract in Chinese ...................................................................................................... I 
Abstract in English ................................................................................................... IV 
Chapter 1: Introduction .............................................................................................. 1 
1. 1 Introduction ........................................................................................................................ 1 
1. 2 Preparation of two-dimensional materials .......................................................................... 2 
1. 2. 1 Mechanical exfoliation route .................................................................................. 3 
1. 2. 2 Liquid rxfoliation route .......................................................................................... 4 
1. 2. 3 Chemical, rlectrochemical ion-intercalation and exfoliation ................................. 6 
1. 2. 4 Chemical vapor deposition (CVD) ......................................................................... 8 
1. 2. 5 Wet-chemical synthesis .......................................................................................... 8 
1. 3 Application of two-dimensional nanomaterials in electrochemistry .................................. 9 
1. 3. 1 Application of two-dimensional nanomaterials in small organic molecule 
electrooxidation ............................................................................................................... 10 
1. 3. 2 Application of two-dimensional nanomaterials in electrochemical hydrogen 
evolution ......................................................................................................................... 12 
1. 3. 3 Application of two-dimensional nanomaterials in electrochemical oxygenation 
reaction ............................................................................................................................ 17 
1. 3. 4 Application of two-dimensional nanomaterials in electrochemical O2 reduction 
reaction ............................................................................................................................ 20 
1. 3. 5 Application of two-dimensional nanomaterials in electrochemical CO2 reduction
......................................................................................................................................... 23 
1. 3. 6 Application of two-dimensional nanomaterials in electrochemical energy storage
......................................................................................................................................... 25 
1. 4 Objectives and contents of this thesis .............................................................................. 30 
1. 5 References ........................................................................................................................ 32 
Chapter 2: CO assisted synthesis of ultrathin PtCu alloy nanosheets .................. 50 
2.1 Introduction ....................................................................................................................... 50 
2. 2 Experimental .................................................................................................................... 51 
2. 2. 1 Reagents ............................................................................................................... 51 
2. 2. 2 Experimental details ............................................................................................. 51 
2. 2. 3 Instrumentation .................................................................................................... 52 
2. 2. 4 Electrochemical measurement.............................................................................. 52 
2. 2. 5 Catalytic hydrogenation of nitrobenzene over Pt-Cu alloy nanosheets ................ 53 
2. 3 Results and discussion ..................................................................................................... 54 
2. 3. 1 Characterization of ultrathin PtCu nanosheets ..................................................... 54 
2. 3. 2 Formation mechanism of ultrathin PtCu nanosheets ............................................ 58 
















2. 3. 4 Nitrobenzene hydrogenation activity of ultrathin PtCu nanosheets ..................... 65 
2. 4 Summary .......................................................................................................................... 66 
2. 5 References ........................................................................................................................ 67 
Chapter 3: NH3 assisted synthesis of Co (III) exposed Co3O4 nanosheets ............ 72 
3. 1 Introduction ...................................................................................................................... 72 
3. 2 Experimental .................................................................................................................... 73 
3. 2. 1 Reagents ............................................................................................................... 73 
3. 2. 2 Experimental details ............................................................................................. 73 
3. 2. 3 Instrumentation .................................................................................................... 74 
3. 2. 4 Electrochemical measurement.............................................................................. 74 
3. 3 Results and discussion ..................................................................................................... 76 
3. 3. 1 Characterization of ultrathin Co3O4 nanosheets ................................................... 76 
3. 3. 2 Formation mechanism of ultrathin Co3O4 nanosheets ......................................... 78 
3. 4 Electrochemical properties of ultrathin Co3O4 nanosheets .............................................. 86 
3. 4. 1 Electrocatalytic properties of Co3O4 nanosheets in OER ..................................... 86 
3. 4. 2 Electrocatalytic properties of Co3O4 nanosheets in EOR ..................................... 89 
3. 4. 3 Electrocatalytic properties of Co3O4 nanosheets in ethanol reforming reaction .. 97 
3. 5 Summary ........................................................................................................................ 100 
3. 6 References ...................................................................................................................... 101 
Chapter 4: Ultrastable Cu/Ni(OH)2 nanosheets .................................................... 105 
4. 1 Introduction .................................................................................................................... 105 
4. 2 Experimental .................................................................................................................. 106 
4. 2. 1 Reagents ............................................................................................................. 106 
4. 2. 2 Experimental details ........................................................................................... 106 
4. 2. 3 Instrumentation .................................................................................................. 104 
4. 2. 4 Electrochemical measurement............................................................................ 108 
4. 3 Results and discussion ................................................................................................... 109 
4. 3. 1 Characterization of Cu/Ni(OH)2 nanosheets ...................................................... 109 
4. 3. 2 Formation mechanism of Cu/Ni(OH)2 nanosheets ............................................. 118 
4. 3. 3 Stability of Cu/Ni(OH)2 nanosheets ................................................................... 125 
4. 3. 4 Electrocatalytic properties of Cu/Ni(OH)2 nanosheets....................................... 133 
4. 4 Summary ........................................................................................................................ 140 
4. 5 References ...................................................................................................................... 141 
Chapter 5: Bifunctional Cu2O/Ni(OH)2 nanosheets ............................................. 145 
5. 1 Introduction .................................................................................................................... 145 
5. 2 Experimental .................................................................................................................. 146 
5. 2. 1 Reagents ............................................................................................................. 146 
















5. 2. 3 Instrumentation .................................................................................................. 146 
5. 2. 4 Electrochemical measurement............................................................................ 147 
5. 3 Results and discussion ................................................................................................... 149 
5. 3. 1 Characterization of Cu2O/Ni(OH)2 nanosheets .................................................. 149 
5. 3. 2 Formation mechanism of Cu2O/Ni(OH)2 nanosheets......................................... 153 
5. 3. 3 Electrocatalytic properties of Cu2O/Ni(OH)2 nanosheets in CO2RR ................. 157 
5. 3. 4 Electrocatalytic properties of Cu2O/Ni(OH)2 nanosheets in OER ..................... 159 
5. 3. 5 Electrocatalytic properties of Cu2O/Ni(OH)2 nanosheets in CO2-H2O reforming 
reaction .......................................................................................................................... 160 
5. 4 Summary ........................................................................................................................ 162 
5. 5 References ...................................................................................................................... 163 
Chapter 6: Pt/Ni(OH)2 nanosheets with few Pt deposits ...................................... 165 
6. 1 Introduction .................................................................................................................... 165 
6. 2 Experimental .................................................................................................................. 165 
6. 2. 1 Reagents ............................................................................................................. 165 
6. 2. 2 Experimental details ........................................................................................... 166 
6. 2. 3 Instrumentation .................................................................................................. 166 
6. 2. 4 Electrochemical measurement............................................................................ 166 
6. 3 Results and discussion ................................................................................................... 167 
6. 3. 1 TEM characterization of Pt/Ni(OH)2 nanosheets ............................................... 167 
6. 3. 2 Electrocatalytic properties of Pt/Ni(OH)2 nanosheets in HER ........................... 168 
6. 3. 3 Electrocatalytic properties of Pt/Ni(OH)2 nanosheets in UreaOR...................... 169 
6. 4 Summary ........................................................................................................................ 171 
6. 5 References ...................................................................................................................... 171 
Chapter 7: CO assisted synthesis of ultrafine PtCu alloy nanowires .................. 174 
7. 1 Introduction .................................................................................................................... 174 
7. 2 Experimental .................................................................................................................. 175 
7. 2. 1 Reagents ............................................................................................................. 175 
7. 2. 2 Experimental details ........................................................................................... 175 
7. 2. 3 Instrumentation .................................................................................................. 175 
7. 2. 4 Electrochemical measurement............................................................................ 176 
7. 3 Results and discussion ................................................................................................... 177 
7. 3. 1 Characterization of ultrathin PtCu nanowires .................................................... 177 
7. 3. 2 Formation mechanism of ultrathin PtCu nanowires ........................................... 181 
7. 3. 3 ECSA of ultrathin PtCu nanowires ..................................................................... 184 
7. 3. 4 Electrocatalytic properties of PtCu nanowires in MOR ..................................... 187 
7. 3. 5 Electrocatalytic properties of PtCu nanowires in glucose sensor ....................... 190 
7. 4 Summary ........................................................................................................................ 193 
















Chapter 8: CO assisted synthesis of self-assembled Pd nanowires ..................... 199 
8. 1 Introduction .................................................................................................................... 199 
8. 2 Experimental .................................................................................................................. 199 
8. 2. 1 Reagents ............................................................................................................. 199 
8. 2. 2 Experimental details ........................................................................................... 200 
8. 2. 3 Instrumentation .................................................................................................. 200 
8. 3 Results and discussion ................................................................................................... 200 
8. 3. 1 TEM Characterization of Pd nanowires ............................................................. 200 
8. 3. 2 Effect of halogen on Pd nanowires..................................................................... 201 
8. 3. 3 Action sites of assembly behavior ...................................................................... 202 
8. 4 Summary ........................................................................................................................ 204 
8. 5 References ...................................................................................................................... 204 
Conclusion and Perspectives ................................................................................... 206 
Appendix: List of publications................................................................................ 209 

























能源电催化反应中。全文由 8 章内容组成，各章内容如下： 
第一章：概括性的介绍了各种超薄纳米材料的制备方法及其相关的应用，并
阐明博士论文的选题依据和研究内容。 
第二章：利用 CO 辅助的方法制备出了 PtCu 合金纳米片，此纳米片的厚度




对于合成具有超薄超细的 Pt 族纳米材料有一定的普遍适用性。 
第三章：我们利用氨分子与 Co(III)的强配位作用，合成出了具(111)裸露晶
面的超薄 Co3O4 纳米片，实验发现此纳米片表面暴露的均是高价的 Co(III)，而高




























得到了一种超薄复合 Cu/Ni(OH)2 纳米片。制备出的 Cu/Ni(OH)2 纳米片可以稳定
的在空气中存储 3 个月以上。实验发现其稳定性与我们采用的羧酸盐密切相关。
甲酸盐的氧化电位要低于 Cu 的氧化电位，因此甲酸盐的存在可以延缓 Cu 的氧
化使我们得到稳定超薄的复合 Cu/Ni(OH)2 纳米片。Cu 是目前报道最合适的 CO2
电还原的催化剂，但是其还原产物不均一。但我们得到 Cu 纳米片可以在较低的




纳米片，这种复合纳米片能够将 CO2 还原到 CH3OH，CH3OH 的最高法拉第效率




允许 CO2-H2O 的室温重整得到甲醇。 
第六章：通过用原子级分散的 Pt 材料对超薄的 Ni(OH)2 纳米片进行性能改
性，使其具有优异的相关电化学性质，改性后的 Pt/Ni(OH)2 纳米片在碱性条件下
HER 反应中表现出优于商业 Pt/C 的催化性质，它仅仅需要 32 mV 的过电位就可
获得 10 mA/cm2 的电流密度。这种复合 Pt/Ni(OH)2 在阳极氧化尿素的反应中表现
出优异的性质：在 0.35 V 的电位下，Pt/Ni(OH)2 纳米片 (110 mA/cm
2
)的尿素氧
化的电流密度分别是 Ni(OH)2 纳米片(24 mA/cm
2
) 4.4 倍。我们推测 Pt 的引入会
























方法也可以用作其他 Pt 基合金波浪线的合成制备。 
第八章：我们利用 CO 与 I-离子的共同作用，成功将超薄的 Pd 纳米片组装
成了一维的纳米线，纳米线的长度可以达到微米级。同时，一些列的实验结果显



















Two-dimensional ultrathin nanomaterials, due to their unique structural 
characteristics and exposure of many active sites, have potential applications in the 
field of energy, catalysis and so on. How to prepare nanomaterials with ultra-thin 
two-dimensional structures is still a major challenge, especially in terms of some 
metal-based layered nanomaterials. In recent years, a series of non-graphene-based 
ultrathin two-dimensional nanomaterials have been successfully synthesized and at 
the same time, these ultrathin two-dimensional materials in the relevant catalytic 
reactions have shown excellent catalytic activities. Therefore, the main research 
direction of this thesis is to prepare some novel thin two-dimensional materials, study 
their formation mechanism, and apply them to the relevant energy electrocatalytic 
reaction. The full dissertation consists of 8 chapters, each chapter reads as follows: 
Chapter 1: The first chapter introduces preparation methods of various ultra-thin 
nanomaterials and their related applications, and expounds the basis topic and 
research contents of this doctoral thesis. 
Chapter 2: PtCu alloy nanosheets were prepared by a CO-assisted method. The 
thickness of the nanosheets was within 2 nm. It was found that the adsorption of CO 
on PtCu(111) and the introduction of KI changed the reaction rate of the whole system 
during the formation of nanosheets, which were the key factors in the formation of the 
sheet structure. It has also been found that two-dimensional PtCu alloy nanosheets 
have good electrochemical hydrogen evolution and hydrogenation activity compared 
to nanoparticles due to the exposure of abundant active sites.  
Chapter 3: In this paper, we used the strong coordination of between ammonia 
molecules and Co (III) to synthesize ultrathin Co3O4 nanosheets with (111) exposed 
crystal planes. It was found that the surface of the nanosheets was with high oxidation 
state Co (III), while the Co (III) atoms have been currently widely considered to be 
the active sites of some oxidation reactions. Therefore, the prepared Co3O4 was used 
as a catalyst for water oxidation to exhibit superior oxygen evolution performance, 
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